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Abstract. We have observed two low concentration Galactic globular clusters with the X-ray observatory XMM-Newton. We 
detect 47 faint X-ray sources in the direction of M 55 and 62 in the field of view of NGC 3201. Using the statistical Log N- 
Log S relationship of extragalactic sources derived from XMM-Newton Lockman Hole observations, to estimate the background 
source population, we estimate that very few of the sources (1.5±1.0) in the field of view of M 55 actually belong to the cluster. 
These sources are located in the centre of the cluster as we expect if the cluster has undergone mass segregation. NGC 3201 
has approximately 15 related sources, which are centrally located but are not constrained to lie within the half mass radius. The 
sources belonging to this cluster can lie up to 5 core radii from the centre of the cluster which could imply that this cluster 
has been perturbed. Using X-ray (and optical, in the case of M 55) colours, spectral and timing analysis (where possible) 
and comparing these observations to previous X-ray observations, we find evidence for sources in each cluster that could 
be cataclysmic variables, active binaries, millisecond pulsars and possible evidence for a quiescent low mass X-ray binary 
with a neutron star primary, even though we do not expect any such objects in either of the clusters, due to their low central 
concentrations. The majority of the other sources are background sources, such as AGN. * 

Key words, globular clusters: individuabM 55 - NGC 3201 - X-rays: general - binaries: general - stars: variables: general 



1. Introduction 

Following the discovery, over twenty years ago, of low lumi- 
nosit y (L r t 10 34 5 erg s~') X-ray sources in globular clus- 



ity 

ters jHertz & Grindlavl 1 1983b . th e known population of such 
sources has steadily grown (e.; 
Cool et a .1 Il995l Ijohnston etal.1 



Johnston & Verbunt, 1994; 
19961 iGeffert et all 1 19971 



Verbuntl 1200 lT " However, with the launch of the X-ray ob 



servatories XMM-Newton and Chandra, whose sensitivity and 
angular resolution (respectively) far surpasses those of previ- 
ous X-ray observatories, the number of new sources detected 
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(and identified) has truly flourished (e.g. Webbetal., 2004c 
Gendre et al., 2003a 



Gendre et al., 2003 
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Poolevetal., 2003; Heinkeetal., 2003, 
utledge et all 120021 IWebb et all 12001 : 



Grin dlav et all l200lh . The low luminosity X-ray sources that 



belong to their respective clusters are mostly a variety of bi- 
nary systems (X-ray binaries, cataclysmic variables and active 
binaries) as well as descendants of these objects (such as mil- 
lisecond pulsars). These X-ray sources are thus indispensable 
objects with which to complete the study of stellar and globular 
cluster evolution, stellar dynamics, binary formation and evo- 
lution, as well as t he study of the b i naries themselves, see e.g. 
I Verbunt & Lewinld2004i) : lHut et al.1 i 19921) for reviews of these 
topics. 
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We have thus observed two further globular clusters (M 55 
(NGC 6809) and NGC 3201) using XMM-Newton, to detect 
their populations of low luminosity X-ray sources and deter- 
mine the nature of these sources, as well as probe the evolution 
of the clusters. 

The two globular clusters presented in this paper are partic- 
ularly interesting to study as they have very low central concen- 
trations of stars. It is thought that through dyna mical evolution , 
cluster cores become increasingly concentrated faenorill96ll) . 
Stellar encounters in globular clusters result in an equiparti- 
tion of energy. Through virialization, the more massive stars 
of the cluster, such as degenerate objects and binary systems, 
are concentrated towards the centre of the cluster. Low concen- 
tration clusters are therefore least affected by dynamical pro- 
cesses and thus mass segregation is thought to be less impor- 
tant for these clusters than the higher concentration clusters. 
Thes e clusters are also p articularly susceptible to tidal shock- 
ing JChernofF et allfl98fl) and to a loss of stars from the cluster. 

Both clusters have been studied at long and short wave- 
lengths. M 55 has previously been obser ved in the X-ray 
doma in by the X-ray teles copes Ariel V iPv e & McHardv, 
I 9831). EINSTEIN, HEAP I faertz & Wood! Il985l) and Rosat 
dJohnston etailll996tlVerbuntH200lMPve & McHardvl(ll983l) 
found a transient source with Ariel V, that lies towards the 
edge of the cluster (outside the field of view of our observa- 
tions). IJjjhns^pn^LalJ ll,996) found 18 sources with the Rosat 



2 



Webb et al.: X-ray/optical sources in M 55 and NGC 3201 



PSPC. A number of studies in the optical domain have anal- 
ysed the nature of the cluster through the study of its luminos- 
ity function and the distribution of s tars, blue stragg l ers, bi - 
nary systems and va ri able stars e.g. [P iotto & Zoccali ( 1999); 
IZaggia et all Jl997t): iMandushez et all dl997h : IPvchetalJ 
feOOlklOlech et all ill 9991) ~ 

NGC 3201 has al so been studi e d wit h the X-ray 
telescopes HEAP 1 faertz & Wood! Il985h and Rosat 
( Johnston et al., 1996; Verbunt, Nine sources were 

found by LTohnston et alJ (119961) and an additional one by 

Verbunt (2001). This cluster has also been extensively stud- 

I I j ■ 

ied in the optical domain e.g. Lavden & Saraiedini (2003); 
Maz uretaD J2003I): ICovevetalJ J2003h : IPiersimoni et alJ 
J2002l) : lvon Braun & Mated d2002l) . 

2. Observations and data reduction 

2.1. X-ray data 

We obtained XMM-Newton observations of the two globular 
clusters M 55 and NGC 3201, during the 'Routine Observing 
Phase'. The observations are given in Tabled Approximately 
3 and 4 ks of the pn data of the two clusters respectively were 
affected by high background activity (a soft proton flare). All 
of the data were reduced with version 6.0 of the XMM-Newton 
SAS (Science Analysis Software). 

The MOS data were reduced using the 'emchain' with 
'embadpixfind' to detect the bad pixels. The event lists were 
filtered, so that 0-12 of the predefined patterns (single, dou- 
ble, triple, and quadruple pixel events) were retained and the 
high background periods were identified by defining a count 
rate threshold above the low background rate and the periods 
of higher background counts were then flagged in the event 
list. We also filtered in energy. We used the energy range 0.2- 
10.0 keV, as recommended in the document 'EPIC Status of 
Calibration and Data Analysis' ( Kir sch et all 2002). 

The pn data were reduced using the 'epchain' of the SAS. 
Again the event lists were filtered, so that 0-4 of the predefined 
patterns (single and double events) were retained, as these have 
the best energy calibration. We again filtered in energy, where 
we used the energy range 0.5-10.0 keV. 

Table 1. Summary of the observations presented in this paper 



Cluster/ 


Instru- 


Filter 


Mode 


Useful 


Date 


ment 






exposure (ks) 


M55/ 


MOS 


medium 


Full frame* 


26 


17-18/10/01 


pn 


medium 


Full frame 


24 




OM 


UVW2, B 


Imaging 


2x1, 1 


NGC 3201/ 


MOS 


medium 


Full frame 


40 


25/05/03 


pn 


medium 


Full frame 


42 




OM 


UVW1 


Imaging 


2x4.82, 0.8 



The source detection was done in the same way as 
iGendre et alJ J2003al) : fWebb et al] J2004cl) . but in summary we 
used the SAS wavelet detection algorithm on the 0.5-5.0 keV 
image, as the signal-to-noise ratio was best in this range. We 
kept only those sources detected with two or more cameras, 
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Fig. 1. X-ray contour plot of the central region of M 55. The 
circle shows both the core and the half-mass radii which are 
almost coincident. The abscissa indicates the right ascension in 
h m s an( j tne orc iinate indicates the declination in ° ' ". 
The contours represent 4, 6 and 8 <x confidence levels and the 
source numbers are those found in Table|2] 




Fig. 2. X-ray contour plot of the central region of NGC 3201 
(similar to Fig. The source numbers are those found in 
Table [3] Source 23 looks slightly extended in this combined 
image, but it is a point source. 



with the exception of sources found with the pn camera, which 
is more sensitive than the two MOS cameras. We detected 47 
sources in the field of view (FOV) (radius- 15') of M 55 and 62 
sources in the FOV of NGC 3201, with a maximum likelihood 
greater than 4.5cr. These sources are given in Tables |2 and [3] 
along with their position and count rate. We also give the iden- 
tification number for the sources detected by Rosat. The posi- 
tional error is the 90% confidence mean statistical error on the 
position of the XMM-Newton sources. The majority of these 
sources can be seen in the contour plots of the central regions 
of these globular clusters, see Figs.n an d|2] 
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Table 2. X-ray sources in the direction of M 55, as determined 
from the EPIC observations, 0.5-10.0keV band. The identifica- 
tion number, any former identifications and position are given, 
along with the error on this position and the count rate. 



For. RA(2000) Dec (2000) Error Count s^ 1 
ID ID '' m ' ° ' " " x!0~ 3 



c sources within the core, '' sources within the half mass radius 
numbers, Rosat PSPC, loh nston etail l 1996) 



2.2. Optical data 

The XMM-Newton optical monitor dMason et all l200ll) was 
also employed during the X-ray observations and the data ob- 



tained is given in Table ^ The data were reduced using the 
standard SAS omichain script. 

We find 345 stars with a minimum significance of 3.0 in 
the FOV of M 55, detected in both the UVW2- and the B-band. 
The magnitudes range from approximately 14.0 to 19.5 in the 
UVW2-filter and 12.0 to 20.5 in the B-filter. The photometric 
errors are poor for the UVW2-filter ranging from 0.001 to 1.5 
magnitudes with a mean value of 0.22, but better for the B- 
filter, ranging from 0.001-0.6 magnitudes with a mean value of 
0.03. 

We find 7569 stars with a minimum significance of 3.0 in 
the FOV of NGC 3201. The magnitudes range from approxi- 
mately 12 to 22 with photometric errors ranging from 0.001 to 
1.5 magnitudes with a mean value of 0. 17. However, as the ob- 
servations have been made using a single filter (UVW1), these 
data are of limited use in determining the optical counterparts 
to the X-ray sources. 

3. The X-ray sources 

3.1. M55 

We have detected four sources within the core radius 
(2.83', centred at RA=19'' 39'" 59.40 s , dec=-30° 57' 43.5" 
biorgovskilll993h of M 55, sources 12, 13, 30, and 42 (indi- 
cated by a e in Table|2j, and a further sourc e (14) that lies just 
on the limit of the half-mass radius (2.89' Harris, 1999) (in- 
dicated by a * in Table We computed the detectable flux 
limit within the half mass radius, assumin g a 0.6 keV black- 
body spectral model in the same way as John ston & Ver bunt 
dl996l) . The limiting luminosity at the centre of the field of view 
for the pn camera is L A = 7 x 10 30 erg s _1 (0.5-10.0 keV) and 
L v = 2 x 10 31 erg s" 1 (0.5-10.0 keV) for the MOS. 

Many of our detected sources are background sources. We 
have used the statistical Log N-Log S relationship of extra- 
gala ctic sources deriv ed from the Lockman Hole observations 
dHasineer et allEoOll) to estimate the background source pop- 
ulation, assuming that there is no cosmic variance. We con- 
verted the source count rates to fluxes using a power law 
model with a spectral ind ex of -2. aslHasinger et alJd200ll). We 
employ ed the method of ICool et alJ d2002l) and iGendre et alJ 
(2003a) which takes into account vignetting, as the faintest de- 
tectable flux increases with radius. We calculated the average 
limiting flux in three annuli o n the pn camera, in the same way 
as lTohnston & Verbuntld 19961) . These annuli were bound by the 
core/half-mass radii, three and five core radii. We expect 3.5+1, 
21.2+2 and 22.3+5 background sources in these annuli respec- 
ti vely. The uncertainty i s the 10% error estimated on the flux, 
as lHasinger et al.l (12001). We find 5, 17 and 25 sources in these 
annuli respectively. Although the sample is small and therefore 
the results are not very robust, this indicates that at least one 
of the core/half-mass radii sources is likely to belong to the 
cluster. Using the 5 sources found in the half mass radius and 
the fact that approximately 1.5 may belong to the cluster, we 
calculate using Poisson statistics, that the probability that none 
of the 5 sources are cluster members is 27%. This supports the 
idea that not all the core sources belong to the cluster. 



1 




19 40 29.04 


-31 9 54.36 


7.96 


3.96+0.95 


3 




19 39 44.00 


-30 50 42.98 


6.74 


3.85+0.76 


4 




19 40 14.76 


-31 11 27.67 


6.78 


8.09+1.30 


5 




19 39 50.40 


-30 50 47.18 


4.98 


10.87+1.21 


6 




19 39 26.38 


-30 52 40.32 


4.88 


16.69+1.52 


7 




19 39 38.14 


-30 54 4.60 


4.52 


10.92+0.91 


8 




19 40 26.43 


-30 54 16.95 


6.23 


4.84+0.73 


9 


6 


19 39 41.92 


-30 55 45.88 


4.20 


26.30+1.34 


10 


7 


19 40 50.85 


-30 55 54.31 


5.22 


13.72+1.69 


11 


8 


19 40 42.35 


-30 56 30.12 


4.22 


50.59+2.55 


12'' 




19 40 4.75 


-30 56 46.84 


9.60 


1.27+0.31 


13'' 




19 40 8.96 


-30 56 57.26 


5.91 


3.34+0.59 


14'' 




19 39 45.77 


-30 57 40.14 


4.46 


10.44+0.98 


15 




19 39 36.78 


-30 58 56.86 


4.80 


8.24+0.80 


16 




19 39 40.44 


-31 1 31.48 


4.96 


7.43+0.85 


17 


13 


19 39 55.69 


-31 2 5.01 


4.17 


31.60+1.49 


18 




19 39 16.28 


-31 2 11.08 


5.08 


7.28+0.97 


19 




19 39 46.46 


-31 2 26.91 


4.60 


8.40+0.84 


20 




19 40 3.36 


-31 2 41.65 


5.13 


6.29+0.82 


21 




19 39 56.94 


-31 3 7.61 


4.87 


5.83+0.72 


22 


15 


19 40 41.98 


-31 3 58.28 


4.54 


21.08+1.84 


23 




19 39 20.68 


-31 5 33.77 


4.78 


15.68+1.57 


24 




19 40 31.87 


-31 7 45.96 


5.01 


17.20+1.90 


25 


5 


19 39 5.34 


-30 52 41.18 


5.97 


7.94+1.32 


26 




19 40 19.76 


-31 2 25.13 


11.44 


1.43+0.37 


27 




19 39 19.35 


-30 46 59.67 


7.58 


3.76+0.89 


28 




19 39 48.21 


-30 48 17.35 


5.70 


6.29+1.14 


30'' 


9 


19 40 8.40 


-30 58 48.82 


6.98 


1.40+0.30 


31 


12 


19 39 5.63 


-31 25.46 


6.94 


2.34+0.53 


32 




19 40 39.67 


-31 8 15.00 


4.82 


20.02+2.26 


33 




19 39 49.26 


-31 9 16.30 


5.70 


8.56+1.25 


34 




19 40 29.88 


-31 9 50.29 


7.21 


4.00+0.87 


35 




19 39 42.75 


-31 10 57.82 


7.45 


2.17+0.59 


36 




19 39 34.83 


-31 9 37.49 


10.97 


3.24+0.89 


37 




19 40 13.80 


-30 46 56.34 


7.83 


4.37+1.02 


38 




19 40 44.85 


-30 51 21.35 


9.39 


5.07+1.41 


39 




19 39 49.82 


-30 53 21.63 


8.04 


1.98+0.52 


40 




19 39 46.74 


-30 48 42.22 


7.96 


3.94+0.91 


41 




19 39 55.79 


-30 52 39.14 


7.26 


1.74+0.43 


42'' 




19 39 57.64 


-30 56 13.82 


8.52 


2.11+0.47 


43 




19 39 38.26 


-30 57 8.22 


7.52 


2.15+0.49 


44 




19 39 14.01 


-30 58 49.21 


7.98 


2.00+0.60 


45 




19 40 13.380 


-30 59 43.71 


7.33 


1.60+0.43 


46 




19 39 31.25 


-31 2 39.44 


6.25 


2.28+0.52 


47 




19 40 23.55 


-31 4 52.85 


7.98 


3.07+0.81 


48 




19 39 16.66 


-31 5 41.05 


6.88 


3.34+0.79 


49 


16 


19 40 31.96 


-31 6 4.79 


8.00 


4.23+1.02 
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It is also possible to calculate the probability that the 
sources within the core are not simply spu rious identific ations 
with the cluster, in the same manner as IVerbuntl il200ll) . The 
probability (p) that one serendipitous source in the pn obser- 
vation is at a distance r < R to the cluster centre, where R 
is the core radius, is p — (R/rd) 2 , where rj is the radius of 
the field of view. The probability of a randomly located source 
falling within the core radius is 3.6 percent. For the 47 sources, 
the probability of finding no sources within the core radius by 
chance is (l-p)x47 = 18%. This again supports the assertion 
that not all the core sources belong to the cluster. 

3.2. NGC 3201 

NGC 3 2 01, ce ntred at RA=10 A 17 m 36.8 J , dec=-46° 24' 40" 
JHarrisl |l999), has fewer centrall y located X -ray sources. 
Within the core radius (1.45' Dior govskii Il993l) . we find only 
two sources, sources 26 and 68 (indicated by a in Table Et. We 
find another two in the half-mass radius (2.68' Hams, 1999), 
sources 46 and 58 (indicated by a h in Table |2j. The limiting 
luminosity for the pn camera is L A = 8 x 10 30 erg s (0.5-10.0 
keV) and L, = 2 x 10 31 erg s 1 (0.5-10.0 keV) for the MOS 
camera. 

To determine the number of expected background sources, 
we defined six annuli bound by the core radius, the half- 
mass radius, 3, 5, 7.5 and 10 core radii. We expect 0.7+0.1, 
1.8±0.4 and 3.3+0.7, 7.3+2.0, 13.8+2.0 and 18.4+2.0 back- 
ground sources in these annuli. We find 2, 2, 7, 17, 15 and 
19 sources in these annuli respectively. This indicates an over- 
density of sources in almost every annulus, except the outer 
two, which is different to many other globular clusters and is 
discussed in Section [5] Using the 4 sources found in the half 
mass radius and the fact that approximately 1.5 may belong to 
the cluster, we calculate using Poisson statistics, that the prob- 
ability that none of the 4 sources are cluster members is 24%. 
This supports the idea that not all the core sources belong to the 
cluster. The probability of a randomly located source not falling 
in the core radius is 99.0%. For the 62 sources, the probability 
of finding no sources within the core radius by chance is 55%. 
It is therefore likely that at least one of the core sources does 
belong to the cluster. 

However, as stated above, we find an excess of sources in 
many of the defined annuli. Considering the four innermost an- 
nuli, we find 28 sources where we expect approximately 13. 
Poisson statistics indicate that the probability that none of these 
sources belong to the cluster is 0.02%. This implies that at least 
one of the sources does belong to the cluster. 

3.3. Spectral analysis 

Seven X-ray sources in M 55 and nine sources in NGC 3201 
have enough counts that we could extract and fit the spectra. 
We extracted the spectra using circles of radii ~V centred on 
the source, with the exception of source 19 in NGC 3201 where 
we used an extraction radius of ~30" due its close proxim- 
ity to other sources. We used a similar neighbouring region, 
free from X-ray sources to extract a background file. We re- 



Table 3. As TableElbut in the direction of NGC 3201. 



For. RA(2000) Dec (2000) Error Counts" 1 

ID ID h m s = . » ». xlQ -3 



1 
1 




i n i f. en nn 
1U lo 3y.y\) 


Af if iq on 
-40 jo jo.vu 


A QA 
4.V4 


1/1 lO-i-l 07 
14. 1Z± 1 .Z / 


z 




1 n 1 A Al i i 

IU 10 4/ .Zj 


Af 1 A AO 1A 
-40 14 4V.Z4 


7 fl 
/.0 / 


1 AS-i-n 17 
1.4o±U. J / 


A 
4 




in n ii 1 1 

1U 1 / Zj. 1 j 


Af 10 18 00 
-40 1Z lo. ZZ 


J.4V 


A 1 0-u 1 1 Q 
0. 1Z± 1 . 17 


J 




in ii aa 

1U 10 J / .00 


Af 00 1A 11 
-40 Ly Z4. / j 


^ ^8 

J.Jo 


a ^n-i_n qq 
0. ju+u.yy 







in i o oc /in 
1U lo Zj. 4U 


Af I 1 * OS fl 
-40 JJ Zo.Oj 


f 1 7 
0. 1 / 


a iQ-i-i n/i 

4. jy± 1 .U4 


7 




in n ^n 1 1 

IU 1 / JU.Z1 


Af 11 ^ 07 
-40 1 1 JJ.7 / 


f If 
0. JO 


a 70-i- 1 07 

0. / z± 1 .z / 



o 




in no ao 
iu i / z.oy 


Af 1 1 00 (M 
-40 lJ zy.uj 


A 8A 
4.04 


1 A AO-i- 1 
10.0Z± 1 . JJ 


V 


3 


1 n is 1 1 nn 

IU lo 1J.UU 


Af 1 A Al 1 Q 
-40 14 4 / . iy 


A IA 
4.Z4 


AO O8-1-O AQ 
4V.Zo±Z.4y 


i n 




in i^ Ai if 

IU 10 4 / . /O 


Af 1 ^ 1 f ^A 
-40 lJ 10. J4 


7 IA 
1 . J4 


1 a^-i-n aq 

l.oJ±U.4V 


1 1 
1 1 




m 17 < Q7 

iu i / j.y / 


Af 1 ^ If. 1 ^ 
-40 1 J JO. 1 J 


^ no 

J.UZ 


7 n7-i- 1 1 7 

/.u / ± 1 . 1 / 


1 O 
1 Z 




in n oe 1 1 

IU 1 / Zo. 1 1 


Af 1 f 1 ^O 
-40 10 J.JZ 


A 07 
4.7 / 


1 n nn4- 1 nA 

1U.UU±1.U4 


1 1 

1 j 


A 
4 


m is ii if 

IU lo j / . /O 


Af 1 f ^0 ^1 
-40 10 j/.jj 


A 11 
4. J J 


10 1 Q-i-0 AO 

j?. iy±z.oz 


1 1 
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m 17 ii 7n 

IU 1/ j/./U 


Af 1 7 00 70 
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4. J 1 
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1 3 




in 18 Q 11 

IU 15 7. 1 J 


Af 18 11 f^ 
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1 A 
1 D 




m 17 4 OS 
IU 1 / 4.Zo 


Af i a ^n 88 

-40 lo jU.oo 


A 1 7 
4. 1 / 


1^ Al-i-1 A1 
J J.4j± 1.01 


1 7 
1 / 
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IU 1 / 1 J.ZO 


Af 10 0^ fl 
-40 Ly Zj.OZ 


^ no 

J.UZ 


a 1 i-i_n 7n 

0. 1 J±U. /u 


1 Si 
1 o 
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IU 1 / jj. /o 


Af 1 Q IQ QA 
-40 Ly jV.o4 


a 7n 

4. /U 


A QA-i-n 70 
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-40 ZU J.J 1 
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4.Zo 


1 1 7A-i_n 88 
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ZU 
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binned the MOS data into 15 eV bins and the pn data into 5eV 
bins. We used the SAS tasks 'rmfgen' and 'arfgen' to generate 
a 'redistribution matrix file' and an 'ancillary response file', 
for each source. We binned up the data to contain at least 20 
net counts/bin. We then used Xspec (Version 11.2.0) to fit the 
spectra. We initially tried simple models, such as a power law, 
a blackbody, a bremsstrahlung and a Raymond Smith fit, al- 
lowing the absorption and the model parameters to vary freely, 
so that the best fit values obtained do not depend on the ini- 
tial parameters chosen for the model. If the fit could not be 
constrained with the freely varying absorption value, we fixed 
the absorption value to that of the cluster. We found that sim- 
ple models provided a good fit to the data for the majority of 
the sources. However, we found that for certain sources, we re- 
quired a more complicated model to fit the data. The results of 
the spectral fitting can be found in Tables |4] and [5] where the 
best fits are given, along with the goodness of fit (x]) and the 
flux in the 0.2-10.0 keV range. 

As the rest of the sources have insufficient counts to extract 
a spectrum, we have used colour-colour diagrams (see Figs. [3] 
and|4j to derive information about their spectral form. 

3.4. Variability analysis 

We carried out variability tests on all the sources by dividing 
the data into two equal frames (10 ks for M 55 and 20 ks for 
NGC 3201) and then into four equal frames (5 ks for M 55 and 
10 ks for NGC 3201). We looked for variability, defined by a 
change in the frame to frame count rate by more than the sta- 
tistical error for each frame (calculated by the source detection 
chain). Using this method we found variable sources in both 
clusters. Sources 22 and 37 in M 55 are variable. Using the 
X 1 probability of constancy test, these two sources are variable 
at the 1 and 3 <x level respectively. In NGC 3201, sources 42, 
45, 55 and 63 are variable. Again using the x 1 probability of 
constancy test, these sources are variable at the 4, 2, 2 and 2 <x 
levels respectively. 

We also carried out a different variability analysis on the 
sources given in Tables |4] and [5] We extracted the lightcurves 
using regions of the same size as those in the spectral analysis 
(Sect.l3.3>. We used the filtered data between 0.2-10.0 keV and 
the corresponding GTI (Good Timing Interval) file. This is im- 
portant as gaps i n the data can bia s variability tests. We used 
the ftool, lestats 1 llBlackburnU 19951 to perform a Kolmogorov- 
Smirnov probability of constancy test and the^ 2 probability of 
constancy test. The results of these tests, along with the size 
and number of data bins are given in Tables @] and [5] Several 
sources in each globular cluster show some evidence for vari- 
ability. Of these sources, sources 5, 6, 7 and 22 in M 55 show 
small flares in their lightcurve and sources 11 and 17 appear 
to show some flickering. Sources 7 and 17's lightcurves can 
be seen in Figure[5]and those of sources 1 1 and 22 can be seen 
in Figure[6] Using a Kolmogorov-Smirnov test, we find that the 
source lightcurve and the corresponding background lightcurve 
are statistically different at the 3<x level. 



1 http://heasarc.gsfc.nasa.gov/ftools/ 
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Fig. 3. An X-ray colour diagram of the detected X-ray sources 
in M 55. Diamonds with a number indicate an X-ray source 
where the number is that given in Table|2] The hard band is 3.0- 
10.0 keV, the medium band is 1.5-3.0 keV and the soft band 
is 0.5-1.5 keV. Three lines are indicated showing the colours 
of a hypothetical source in the cluster with a power law spec- 
trum, a bremsstrahlung spectrum and a blackbody spectrum. 
On the power law spectrum line, the crosses (from bottom to 
top) represent photon indices of 2.5, 2.0, 1.5, 1.0 and 0.5. On 
the bremsstrahlung spectrum line, the crosses (from bottom to 
top) represent temperatures of 1 .0, 5.0, 10.0, 15.0 and 30.0 keV. 
On the blackbody spectrum line, the crosses (from bottom to 
top) represent temperatures of 0.1, 0.5, 1.0, 1.5 keV. For N# 
values greater than that of the cluster, the spectral fits move to- 
wards the top right. A typical error bar is also shown in the top 
right hand corner. 

We have also looked at the variability between our obser- 
vations and previous observations. M 55 was observed with 
both the Rosat cameras: t he PSPC Jjohnston et all 1 19961) . and 
the HRI JVerbuntL l200lh . Ijohnston et alJ i 19961) observed the 
cluster between March and April 1993 and found 18 sources 
in the field of view, where 10 of these fall in the FOV of 
our observations. The flux limit of this observation is 9.9 
xlO~ I5 ergs cm _2 s _1 (0.5-2.5 keV). Only one source was de- 
tected within the core/half-mass radius in both Rosat obser- 
vations, our source 30. This source has varied in flux by 
a factor three between the two observations, see Table [6] 
IVerbuntl 112001) observed the source to have 5+1 x 10~ 4 count 
s _1 (0.5-2.5 keV). This gives an unabsorbed flux of 8.1 + 1.6 
xl0~ 14 ergs cnrV 1 (0.5-10.0 keV), consistent with the PSPC 
observation. Our source 14 was not detected in either of the 
Rosat observations indicating that it was more than 22 times 
brighter when we observed it in 2001 than during the observa- 
tions made with the Rosat PSPC and should have easily been 



6 



Webb et al.: X-ray/optical sources in M 55 and NGC 3201 



Table 4. In the left hand side of the table the best fitting models to spectra from the MOS and pn data (with the exception of 
source 14, which uses only the MOS data as the source fell in a chip gap in the pn data and source 6, which uses only the pn 
data as the source is too faint in the MOS), for the s ources in M 55. Where no error value is given for the N H (xl0 21 cirT 2 ), the 
N H was frozen to that of the cluster (0.39x10 cm lHarrisill999t l Predehl & Schmitt, 1995). The flux given is unabsorbed flux 
(xl0~ 13 ergs cm -2 s -1 , 0.2-10.0 keV), with errors of the order +10%. The right hand side of the table contains the results from 
testing for variability. This includes the number of data bins, the length (in seconds) of each data bin and the probabilities from a 
Kolmogorov-Smirnov probability of constancy test and the^ 2 probability of constancy test. Source numbers correspond to those 
given in Tableland m indicates possible cluster members, see Sect. [5] 
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detected by this instrument i f the source had a sim ilar flux in 
1993. We do not detect the Ijohnston et alJ (1996) source 5. 
Our flux limit is 2.6xl0" 15 ergs cnrV 1 (0.5-10.0 keV), twenty 
times fainter than the source's flux in 1993. We should there- 
fore have detected this source in our observations if it had a 
similar flux in 2001. This source must also be variable. Other 
variable sources are source 31, which was a factor 7 times 
brighter in 1993 and source 1 1 which was a factor 9 fainter in 
1993, see Table|5] Other sources such as sources 9, 17, 22, 10, 
49 and 25 have flux values that do not vary between the two ob- 
servations, within the error values, where the Rosat errors are 
of the order 20-25% of the flux value and the XMM-Newton 
errors bars are 5-25% of the flux value. 

NGC 3201 was observed by the Rosat PSPC in December 
1991 for approximately 2 ks Jjohnston et allfl996l) . Only four 
X-ray sources were detected in our field of view, our sources 
23, 9, 13 and 20. These sources have not varied between the 
two observations. 

We also searched for periodicities in the barycentre cor- 
rected data using a fourier transform to produce a power density 
spectrum, with the ftool, powspec. None of the sources showed 
any strong evidence for a period. 



4. The optical counterparts 

We constructed a UVW2, (UVW2-B) colour-magnitude dia- 
gram with the optical sources found in M 55, see Fig0 The ma- 
jority of the optically blue sources in Fig0are blue giant stars 
with UVW2 magnitudes between about 15 and 16 and UVW2- 
B values between about -0.5 and 1.5. We have identified two 
blue sources that fall in the positional error circles of the X- 
ray sources and they can be seen in the colour-magnitude dia- 
gram in Fig0 where the source numbers correspond to those 
numbers in Table [2] Both of these sources lie within twice the 
half-mass radius from the centre of the cluster. 

Any of the astrometric matches between the XMM-Newton 
X-ray sources and the blue stars may be chance coincidences. 
We have calculated the number of blue stars per unit area as 
a function of the radia l distance from the ce ntre of the clus- 
ter, in th e same way as lEdmonds et alJ J2003al) and lWebb et alJ 
(2004c). We have thus been able to calculate the probability of 
a chance coincidence. We find probabilities of 10% and 2% in 
the core/half-mass radius and twice the half mass radius respec- 
tively. Therefore, it is unlikely that the two blue sources that we 
have detected in the error circle of the X-ray sources are chance 
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Table 5. The same as for TableBlexcept for the sources in NGC 3201. Source 53 uses only the MOS data. The N# of the cluster 
is (1.17x10 cm - 2 lHarrisi ri999). Source numbers correspond to those given in Table[3] 
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PL = power law, BB = blackbody, Brems. = bremsstrahlung, RS = Raymond Smith 
® Errors are ±4.54 and ±0.31 respectively. 1 Errors are ±2.92 and ±0.08 respectively 
* Neutron Star Atmosphere (NSA) model, log(T)=6.61±0.04 K, Mass = 1.4 M (frozen), Radius = 6.96±5.51 km,^; = 2.09 (16 d.o.f.) 
+ NSA, log(T)=6.83±0.03 K, Mass = 1.4 M (frozen), Radius = 5.06±0.26 km,^; = 1.33 (25 d.o.f.) 
+ NSA+PL, log(T)=6.30±0.12 K, Mass = 1.4 M (frozen), Radius = 10 km (frozen), r=1.04±0.63, / r; = 1.21 (24 d.o.f.) 



coincidences, and indeed the optical counterparts to the X-ray 
sources. We do not find an optical counterpart for many other 
X-ray sources, but this may be due to the fact that many of the 
UV sources in the field of view can not be properly resolved. 

To find optical counterparts to the X-ray sources in NGC 
3201 and to the X-ray sources in M 55 for which we have 
not been able to find counterparts in our optical data (as 
they could be binaries which have red (cool) optical coun- 
terparts), we have also cross-correlated several catalogues 
that contain known va r iable stars in the two globular clus- 
ters dOlech et all Il999t IPvch et all EoOlt iMazur et all 120031 
Ivon Braun & Mateo[l2002l) . None of the variable stars in these 
catalogues fall within the error circles of our X-ray sources. 



However, ISamus' et al .I d 19961) find a variable star (their num- 
ber 51) that is coincident with our source 26 i n NGC 3201, the 
most central source of the cluster. Icdte et al I d 1994 undertook 
a search for spectroscopic binaries in NGC 3201 using radial 
velocity vari ations. They find sources 215, 216, 248 and 351 
respectively dCoteet allll994T) that fall within the error circles 
of our X-ray sources 26, 68 and 63 respectively. However, they 
find no evidence forbinarity of these sources. 

We also detect several of the optical sources given in the 
catalogues above in our optical data of M 55, where both the 
positions and magnitudes are in good agreement with the pub- 
lished data. 
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Fig. 4. As Fig.0 but for NGC 3201. The only difference in 
the symbols is that on the bremsstrahlung spectrum line, the 
crosses (from bottom to top) represent temperatures of 1 .0, 5.0, 
10.0, 20.0 and 50.0 keV. 
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Start Time 12199 20:52:27:181 Stop Time 1 2200 3:22:27:181 

Fig. 5. Lightcurves of two of the sources in M55, top: source 
7 and middle: source 17. The lower panel is a typical back- 
ground lightcurve for these two sources. All of the lightcurves 
have been plotted on the same scale for ease of comparison and 
the bin size is 200 seconds, as indicated in the top right hand 
corner. The first 6000 seconds of this observation were affected 
by high background and hence are not analysed or plotted. 



5. Discussion 

5.1. Cluster evolution 

Mass segregat ion is well known to exist in the majority of clus- 
ters, see lMevlan & Heggid l l 1997b for a review. Certain globu- 
lar clusters, such as cj Centauri, have been found to be excep- 
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10* 1.5x10* 2x10* 2.5x10* 

Time (s) 

Start Time 12199 20:52:25:261 Stop Time 1 2200 3:22:25:261 

Fig. 6. Lightcurves of two further sources in M55, top: source 
11 and middle: source 22. Again the lower panel is a typi- 
cal background lightcurve for these two sources. All of the 
lightcurves have been plotted on the same scale for ease of 
comparison and the bin size is again 200 seconds. As before, 
the first 6000 seconds of this observation were affected by high 
background and hence are not analysed or plotted. 

Table 6. Sou rces in M 55 found to be variable between 
these and the Ijohnston et alJ dl996l) observations (data taken 
in March to April 1993). In the left hand side of the table, 
the source number is that given in Table [2] The unabsorbed 
flux (ergs cm _2 s _1 ) is that calculated using the spectrum found 
through spectral fitting or through the colour analysis (see 
Fig-G} m the ban d 0.5-10.0 keV. In th e right hand side of the 
table, we give the ljohnston et alJ dl996l) count rates in the 0.5- 
2.5 keV band and their source number (ID). In the final column, 
we calculate the unabsorbed flux (ergs cm _2 s _I ) assuming the 
same spectral fit as used in the left hand of the table. This is 
again quoted in the 0.5-10.0 keV band. 



Source 


Unabsorbed 


Count rate 


ID 


Unabsorbed 


No. 


Flux(xl0~ 14 ) 


(xl0~ 3 cnts" 1 ) 




Flux (xl0~ 14 ) 


30 


3.0±0.6 


1.55+0.35 


9 


8.3 ±2.0 


14 


22.0±2.0 


0.0 




<0.99 




<0.26 


1.65+0.45 


11 




31 


1.0±0.2 


3.84±0.55 


12 


7.0+0.9 


11 


18.0±0.9 


1.54+0.40 


8 


2.0±0.5 



tions to the rule. It is thought that the lack of mass segregation 
in this cluster could be due an unusual dynamical evolution of 
the clust er, through perh aps the accretion of a stellar system, 
see and references therein. 

The X-ray sources belonging to the globular clusters are 
thought to be mainly degenerate objects and binary systems. 
Those sources belonging to M 55 (see Section lXTt are located 
in the centre of the cluster, consistent with the idea that the 
cluster has undergone mass segregation. However, the distribu- 
tion of X-ray sources in NGC 3201 (see Section l3~2t . which 
appear to be evenly dispersed throughout the cluster, up to 
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Fig. 7. The UVW2, UVW2-B diagram of the globular cluster 
M 55. The points show the optical sources and the triangle and 
diamond show the position of the optical couterparts to the X- 
ray source with the identification number given on the symbol 
(as given in Tabled). 

five core radii, indicates that the cluster may be slightly dis- 
rupted. NGC 3201 is a slightly unus ual cluster as its orbit is 
retrograde with respec t to the Galaxy (IGonzalez & W allerstein. 
Il998t Ivan den Berghl Il993l> . It was originally thought that 
the cluster may have been captured by our Galaxy, but 
IGonzalez & W allerstein] dl998l) state that since the eccentricity 
of NGC 3201 's orbit is not yet known, it is possible that it is an 
ordinary member of the halo population. They also remark that 
NGC 3201 's velocity compo nent in the p lane of the Milky Way 
is none the less unique. IC6teetalJ l fl995l also find evidence for 
possible structure in the velocity field of the stars of the clus- 
ter. They state that this could be due to several things including 
the stripping of stars of the cluster from prolonged interaction 
with the Gala ctic t i dal fie ld. This can perturb the cluster (e.g. 
iGnedin & Ostrikerl Il997h . which co uld result in the pert urba- 
tion of the mass segregation. Indeed, Hei nke et alJ J2003) state 
that globular clusters undergoing disruption should contain an 
apparent excess of binaries and binary products, which could 
explain the apparently large number of X-ray sources belong- 
ing to the cluster. 

5.2. Cluster members 

Here we discuss sources that may be cluster members and their 
possible nature. The following subsections are summarised in 
Tabled where we give all the sources that are possible cluster 
members, along with their possible nature and luminosity if 
they are cluster members. 

5.2.1 . Cataclysmic variables 

We find several sources in each cluster which could be 
cataclysmic variables (CVs). CVs have X-ray spectra that 



are well fitted by high temperature bremsstrahlung models 
e.g. llRichmanl 1 199ft Idendre et all l2003al) . with luminosi- 
ties of up to approx imately lxlO 32 erg s _1 (0.5-2.5 keV) 
dVerbunt et all Il997h . They are variable on short (seconds) 
to long (hours/days) timescales. We expect that such objects 
should be found towards the centre of the cluster, if the cluster 
has undergone mass segregation. 

In M 55 source 9 has all of the aforementioned characteris- 

■ 1 1 i 

tics. Verbunt (2001) stated that our faint source 30 (his source 
X9) could be related to the cluster. It has been noted to be vari- 
able, see Section l3~4l being 3 times fainter during our observa- 
tions than when it was observed by the Rosat PSPC in March 
1993 andby the HRI in September 1997. lKaluznv et al.ld2005l) 
observed M 55 over eight observing seasons spanning the pe- 
riod 1997-2004, in U, B, V and I c . They observed six outbursts 
of a source that they call CV1 and believe to be a dwarf nova. 
CV1 has V= 21.88+0.06, B-V= 0.63+0.08, U-B=-0.83±0.09 
and V-I= 1.18+0.09 during quiescence and V= 18.98+0.02, B- 
V= 0.1 3 ±0.02, U-B=-0 66+0 03 and V-I= 0.26+0.03 during 
outburst. lKaluznvetaf] J2005) state that the variability of C V 1 
along with its observed colours indicates that it is a cataclysmic 
variable of the dwarf nova type. They also state that the avail- 
able data do not allow them to establish with confidence the 
cluster membership status of CV1, but that the range of ob- 
served luminosities of the variable, 18 <V< 21.8, is consistent 
with the assumption that it is a bright, non-magnetic dwarf nova 
belonging to M55. They also indicate that the Rosat source X9 
may be the X-ray counterpart and that the X-ray-to-optical lu- 
minosity ratio would be higher than average for dwarf novae 
but consistent with that for SS Cyg, assuming CV1 was in qui- 
escence during Rosat observations. 

CV1 falls within 3.65" of our source 30, well within the 
positional error circle of radius 6.98" (see Tabled and is there- 
fore likely to be the optical counterpart to source 30. Looking 
at the X-ray colour-colour diagram (see Fig. O, this source is 
well fitted by a high temperature bremsstrahlung model, indica- 
tive of a CV. It appears from our observations that CV1 was 
not in quiescence during the Rosat observations. lKaluznv et alJ 
d2005l) state that they observed this source in outburst 23 nights 
out of the 193 that they observed the cluster, thus 12% of the 
time. If we assume that this is the average time that the source 
spends in the outburst state, the chance of observing this source 
in outburst twice in two observations is only 1.5%. However, 
large variations in the X-ray flux of cat aclysmic variables have 
been observed during quiescence (e.g. Ba skill et all 120051) . If 
we assume, therefore, that source 30 was in quiescence dur- 
ing our observations, where the lightcurve that we extract ap- 
pears to be of a fairly constant level, we find that the F x /F op t= 
1. 6, where the F x value is calc ulated in the . 5-2.5 k eV band 
as lEdmonds etal] d2003bl) and IVerbunt et all dl997l) . using a 
slightly absorbed, 1 keV thermal bremsstrahlung model and 
Fopt = 10~ (X4V ~ 5 43 . This is still higher than average for a field 
dwarf nova, but compatible with a field magne tic system, see 
Figure 18 in lEdmonds et alJd2003bl) . However. lEdmonds et all 
(2003b) discuss the fact that the cataclysmic variables (and 
millisecond pulsars) in the globular cluster 47 Tuc have much 
higher F x /F op t ratios than field CVs and millisecond pulsars. 
They find that the cumulative distribution for F x /F op t of the 
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47 Tuc CVs follows that of the non-magnetic, low mass trans- 
fer rate field CVs rather than that of the magnetic CVs and 
conclude, after considering the optical magnitudes, that these 
may be low accretion rate CVs. 

Assuming that the CV is in the cluster, we find that its lu- 
minosity is 5.8xl0 32 ergs s" 1 , calculat e d in t he 0.1-100 keV 
band in the same way as Bask ill et alJ d2Q05t) . who analysed 
34 ASCA observations of non-magnetic cataclysmic variables. 
Such a luminosity is greater than that for their non-magnetic 
CVs in quiescence, where the most luminous is SS Cyg, which 
has Lo.i_iookeV=l-2xl0 32 ergs s _1 . It is therefore unclear what 
type of CV source 30 may be, but optical spectroscopy of this 
source will help determine its nature. 

In NGC 3201 sources 26 (the most centrally located source, 
that has been found to be variable, see Sec.|4j, 23 and 22 all sat- 
isfy the above criteria and are likely to be CVs. The nature of 
source 16 is unclear. Its X-ray spectrum can be equally well fit- 
ted by either a neutron star atmosphere model plus a power law 
or a blackbody plus a power law model (see Table [5} which 
could indicate that it is a neutron star system. However, we 
do not expect to see such an object in this low concentration 
globular cluster (see Section I5.2.2t . Source 16's X-ray spec- 
trum can also be equally well fitted by two Raymond Smith 
models (see again Table [5} indicative of an active binary (see 
Section l5.2.3> . However, it may also be fitted using a high tem- 
perature bremsstrahlung model, indicative of a CV. 

5.2.2. Neutrons stars 

Both quiescent low mass X-ray binaries with a neutron 
star primaries (qLMXB^ 5 ) and millise cond pulsars (MSPs) 
are expected in glob ular clusters (e.g. Gend re et all |2003b; 
iGrindlav et all l200lh . The qLMXBs^ 5 have luminosities be- 
tween approximately 10 32 and 10 33 erg s _I and are often 
well fitted by hydrogen atmosphere models. It is thought that 
these objects are formed primarily through collisions, as op- 
posed to from their primordial binaries, where the number of 
such binaries is a function of the collision rate of the cluste r 
jGendre et alll2003bllPoolev et allEooltlHeinke et alll2003l) . 
Due to the low central density and thus low collision rate of 
the two globular clusters studied in this paper, we do not ex- 
pect to find any such objects. Millisecond pulsars can also have 
soft spectra, that are well fitted by low temperature blackbod- 
ies or hydrogen atmosphere models, where the temperature and 
radius of the emissio n are those of the heated polar cap (10 6 - 
10 7 K and ~1 km e.g. lZhang & ChengH2003UZavlin & Pavlovi 
1998, and references therein). Millisecond pulsars can also 
have spectra that are well fitted by hard power laws, where the 
emission is due to particles accelerated in the magnetosphere or 
spectra composed of the two different types of emission (e.g. 
Webb etal., 2004a b). These objects have lower luminosities 
than qLMXBs^ 5 , unless there is accretion still taking place in 
the system. 

Sources 7 and 22 in M 55 are well fitted by fairly hard 
power law spectra (see Table 0}. However fitting a blackbody 
model to these spectra (see again Table |4j we find approxi- 
mate temperatures and radii (source 7, T=1.5+0.5 x 10 7 K and 



r=200!™ m and source 22, T=4.6+0.8 x 10 6 K and 1-305!™ 
m) that are consistent with those expected from MSPs. Their 
interstellar absorptions are consistent with those of the clus- 
ter and their luminosities are consistent with those expected 
for millisecond pulsars and thus they could be MSPs. We 
have also found a possible optical counterpart to source 7, see 
Fig. [7] This is a very blue source, however it is too bright 
to be the optical counterpart of the MSP, unless the MSP 
has a co mpanion. Many millis econd pulsars have compan- 
ions ("e.g. lLundgren et allll996h . but they can also be cool red 
stars, rather than the hot blue stars which our optical dataset 
is designed to detect. However, the companion may be close 
enough that some accretion onto the compact object continues, 
in the same w ay as in the accreting millisecond pulsar SAX 
J1808.4-3658 (Marshal led 1 1998) . which could account for 
the blue nature of the counterpart. Alternatively, the compan- 
ion star m aybe constantly illum inated by the pulsar, as in PSR 
1957+20 jFruchter et all Il988i) . which could also account for 
the blue nature of the counterpart. From their position in Fig. [5] 
and location in the cluster, sources 42 and 26 could also be 
MSPs. Source 17 has a spectrum that is best fitted by a black- 
body plus a power l aw. Such spectra have be en found to fit 
qLMXBs^ 5 see (e.g. Camp ana & Stellal 120031) . The luminos- 
ity (L().5_io.ofcv=3.4xl0 32 erg s ) is also consistent with such 
a hypothesis, even though we do not expect any such objects in 
this globular cluster. 

There are several sources in NGC 3201 that have soft X-ray 
spectra (see Fig.|4}. However, if this cluster has not undergone 
mass segregation, we can not constrain the nature of the objects 
through their position, thus sources 21, 27, 48 and 67 may all 
be MSPs. As stated above, the nature of source 16 (in NGC 
3201) is unclear. It also has a spectrum that is well fitted by 
either a blackbody plus a power law or a NSA (Neutron Star 
Atmosphere) model plus a power law. Again, even though we, 
statistically speaking, do not expect any such objects in this 
globular cluster, this object may also be a qLMXB^ 5 . 

5.2.3. Active binaries 

iDempsev et all dl99 3) found, following the analysis of 44 ac- 
tive (RS CVn) binaries observed with Rosat, that a two temper- 
ature thermal plasma model, with typical temperatures of 2 X 
10 6 K (with a scatter of approximately 1-3 x 10 6 K) and 1.6 
x 10 7 K (with a scatter of approximately 1-4 x 10 7 K) gave a 
good description of the RS CVn X-ray spectra. These binaries 
have similar luminosities to those of CVs. 

We find one source in each cluster which, from the lu- 
minosities and X-ray spectra, appear to be RS CVn bina- 
ries. Source 11 in M 55 is well fitted by a two temperature 
Raymond Smith model with temperatures of 2.1+0.5x 10 6 K 
and 5.2+1.7xl0 7 K, with a luminosity consistent with that ex- 
pected for such active binaries (see Tabled}. Source 9 in NGC 
3201 is also well fitted by a two temperature Raymond Smith 
model with temperatures of 2.0+0.9x 10 6 K and 5.6+3.4x 10 7 
K and a similar luminosity to the previous RS CVn candidate. 
Both of the sources show some evidence for variability in their 
lightcurves, see Tables |4] and |5] which can also be indicative 
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of magnetic activity on the stellar surface. Source 16 in this 
cluster may also be an active binary from the spectral fitting, 
see Table |5J although we see no evidence for variability in its 
X-ray lightcurve. 

5.2.4. Other potential cluster members 

At least one of the core/half-mass radius sources in M 55 is 
likely to be a member of the cluster, see Section l3~Tl Source 30, 
which appears to be a cataclysmic variable from the X-ray and 
optical data is likely to be a member. As stated in Section E.2.21 
42 could be a MSP and therefore related. Source 13 may be 
related to the cluster, from its position in the cluster and X-ray 
colours (see Fig. [5}, but it is unlikely that sources 12 and 14 are 
members of the cluster (see Section l5~3t . 

As stated in Sect. 15.2.11 the most centrally located source 
in NGC 3201 (source 26) is likely to be related to the cluster. 
At least one of the core sources are likely to be related to the 
cluster, see Section l3~2l Source 68, the has X-ray colours com- 
patible with a source in the cluster (see Fig. |4j and therefore 
may also be a CV and related to the cluster. 

Table 7. Sources which may be related to M55 (top half of 
the table) and NGC 3201 (bottom half of the table), along with 
their possible nature and their approximate luminosity in the 
0.5-10 keV band (xl0 32 ergs s _1 ) if they belong to the cluster. 
Each list is ordered with the most likely identification to the 
least likely identification. 



Globular 


Source 


Possible 


Luminosity 


cluster 




nature 


(xlO 32 ) 


M55 


30 


CV 


2.2 




9 


CV 


2.4 




42 


MSP 


0.4 




11 


RS CVn 


4.5 




18 


MSP 


0.8 




37 


MSP 


0.3 




17 


qUAXB NS 


3.4 




7 


MSP 


2.0 




22 


MSP 


2.7 


NGC 3201 


26 


CV 


0.9 




23 


CV 


6.2 




22 


CV 


1.2 




9 


RS CVn 


4.1 




16 


CV/qLMXB^' 


3.1 




21 


MSP 


0.3 




67 


MSP 


0.2 




27 


MSP 


1.1 



5.3. Non-cluster members 

The majority of the sources detected in these observations 
are background sources. In M 55, source 14 appears to be a 
background source, from the high interstellar absorption alone, 
which is much greater than that of the cluster. This is not a 



defining criteria for a background source, as certain objects that 
exist in globular clusters can have absorption values higher than 
that of the cluster i.e. cataclysmic variables. CV spectra can be 
absorbed due to the high intrinsic absorption of the X-rays from 
the inner disc and/or white dwarf passing thro ugh the edge- 
on accretion disc e.g. one of the CVs in M 80 ( iHeinke et all 
2003). The variability of this source and the good fit to the 
spectrum with a low temperature blackbody could indicate that 
the source is a low mass X-ray binary that contains a neutron 
star. However it's luminosity in quiescence is too low for it to 
be such an object. It therefore seems likely that this object is a 
background object. 

Source 6 in M 55 is also likely to be a background object 
from its interstellar absorption, spectral fit and position in the 
cluster. Source 28 has an extremely hard spectrum, in fact the 
hardest of the cluster. It is likely that this source is not actually 
related to the cluster, but is an Active Galactic Nucleus (AGN). 
The fact that we find no optical counterpart to this source in 
our optical data could support this theory, where the optical flux 
would be redshifted to very red wavelengths. Other sources that 
are found in the top right hand corner of Fig. [3] that are found 
towards the exterior of cluster, such sources 27 and 40 are also 
lik ely to be background obj ects . 

iKaluznv et al.l J2005I) have detected a blue source in their 
observations (described in Section l5.2.1> . which they call M55- 
Bl, which has V= 20.40 and U-B=-0.65. This source falls 
within 2" of our source 39, well within the error circle of ra- 
dius 8". M55-B1 is therefore likely to be the optical counter- 
part to source 39. From i ts colours and low-amplitude variabil- 
ity, IKaluznv et alJ J2005I) propose that this source is a quasar. 
Source 39 does not appear in the X-ray colour-colour diagram 
of M 55 (Figure QJ. Extracting the spectra, we find that the 
source is very absorbed and has insufficient counts in the soft- 
est band to appear on the diagram. We find that the interstellar 
absorption is approximately 1 x 10 23 crrT 2 , which could indicate 
an extragalactic origin for this object. 

In NGC 3201, the spectra of sources 19 and 33 are best fit- 
ted by a Raymond Smith and a MEKAL model respectively, 
both indicative of emission from a hot diffuse system, such as a 
galaxy. They therefore could be extragalactic sources. Sources 
4 and 6 are located far from the cluster centre and have spec- 
tra consistent with that of an AGN. Source 58 in the half-mass 
radius, could belong to the cluster (see Section l3~2l . however 
from the X-ray colours, which indicate an absorbed extragalac- 
tic source, it is unlikely. Other sources with similar colours 
such as 6, 13 and 54 may also be background sources. 

6. Conclusions 

Using XMM-Newton X-ray observations of the globular M 55 
we detect 47 X-ray sources in the direction of the cluster, any 
of which belonging to the cluster must have low luminosities. 
Using the logN-logS diagram derived from Lockman Hole ob- 
servations to determine the background population, we find that 
very few of the sources (1.5+1.0) in the FOV of this cluster are 
likely to belong to the cluster. These sources are found in the 
central region of the cluster, which implies that this cluster has 
undergone at least some mass segregation. Through X-ray and 
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optical colours, spectral and timing analysis (where possible) 
and comparing these observations to previous X-ray observa- 
tions, we find two sources that could be cataclysmic variables, 
one that could be an active binary, several that may be MSPs 
and possible evidence for a qLMXB^ 5 . The majority of the 
other sources are background sources such as AGN. 

We find 62 X-ray sources in the XMM-Newton FOV of 
NGC 3201, where as many as 15 sources could belong to the 
cluster. These sources, in contrast to those found in M 55 and 
in many other Galactic globular clusters are not centrally lo- 
cated, but distributed throughout much of the cluster, which 
could indicate a perturbation of the cluster. Using X-ray obser- 
vations only, we find three/four sources that could be CVs, one 
that could be an active binary, several that may be MSPs and 
again possible evidence for a qLMXB^ , although again we do 
not expect any such objects, statistically speaking, in either of 
the clusters, due to their low central concentrations. Again, the 
majority of the other sources are background sources. 
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